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FOR TRANSPORT REFRIGERATION 
Sung Lim Kwon, Jeff Berge and Lowell Naley 
Thermo King Corporation 
314 West 90th Street 
Minneapolis, MN 55420 
ABSTRACT 
The quick phase-out of the refrigerant R-502 presented industry with a pressing challenge to search for suitable alternative refrigerants for both retrofit and new unit applications. Chemical manufacturers developed many different blends of 
hydrofluorocarbon (HFC) compounds for testing and evaluation. During the last several years, extensive compressor, 
refrigeration system and component evaluations have focused on those refrigerants regarded as suitable replacements for R-502. A rigorous regiment of laboratory testing, component development work, and field testing of replacement refrigerants has 
recently been completed for new unit applications. 
This paper reviews the performance requirements of transport refrigeration, the test program developed to measure alternative refrigerant performance, and compressor and other component modifications made to acconunodate alternative refrigerants. The performance results of blends of hydrofluorocarbons (HFC) refrigerants selected for long term use in new transport refrigeration systems are then presented and discussed. While the performance of hydrochlorofluorocarbon (HCFC) blends has also been evaluated for suitability of use in retrofit applications, the results have not been included in this paper due to space limitations. 
INTRODUCTION 
Search for Long Term Replacement Refrigerants for R-502 
Chlorofluorocarbon (CFC) refrigerant R-502 was widely used in the transport and commercial refrigeration industries after its introduction as an industrial refrigerant in 1960, especially for low and medium temperature applications. R-502 is 
an azeotropic mixture of R-22 (48.8%) and R-115 (51.2%) at 66°F (18.7°C) and exhibits a small temperature glide at all 
other temperatures. It was originally developed to overcome the inherent high compressor discharge temperatures 
encountered with R-22 on low temperature applications. However, the Montreal Protocol and subsequent regional 
regulations have lead to a phase out of Chlorofluorocarbons (CFCs). The European Community ended production of R-502 on December 31, 1994. In the United States, production ofR-502 ended January 1, 1996. 
Both interim and long term replacement refrigerants were sought by the transport refrigeration industry. Initially, the leading long term replacement refrigerants for new equipment applications were R-32, R-125, R-134a and R-143a. 
Subsequent close evaluation of the physical, chemical and thermodynamic characteristics of these pure compounds indicated that none of these pure refrigerants were suitable as a substitute in low temperature applications. Furthermore, some of these HFC compounds contained undesirable properties such as flammability and low critical temperature. Therefore, any long term replacement for R-502 would need to be a blend of these or other HFC refrigerants. Chemical manufacturers developed many different blends of hydrofluorocarbon (HFC) compounds. During the early evaluation of these blends, the leading alternatives that emerged were R-404A, R-407A, R-407B and R-507. Refrigerant R-404A is classified as a near-azeotropic blend, R-407A and R-407B are classified as zeotropic blends, and R-507 is classified as an azeotropic blend. 
Transport Refrigeration Requirements 
The purpose of transport refrigeration is to maintain and control temperature to preserve product quality and extend the storage life of commodities. Demand for the transportation of perishable or frozen commodities in refrigerated trailers or containers has increased greatly in recent years. The first source of this growth in demand has occurred because of increasing consumer demand for fresh fruits and vegetables from around the world. A second source has been increasing consumer 
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demand for horticultural products. Ornamental plants and flowers are now transported around the world. A third s
ource has 
been increasing medical demand for protection of pharmaceuticals during transport. A fourth and final source has
 been 
increasing industrial demand for environmental control (temperature, humidity, and atmospheric gases) of special p
roducts 
like chemicals, photographic supplies, electronic components and special metals. 
To achieve accurate, cost effective temperature and environmental control of commodities, the refrigeration unit design, m
aterials 
and operating methods are of utmost importance to maintain maximum product quality under all system operating conditi
ons. 
Transport refrigeration equipment must be capable of operating in ambient temperatures that range from -400f' to + 130°F (
 -40°C to 
54.4 °C) while maintaining commodities at temperatures that range from -30°F to 70°F (-34.4 oc to 21. PC). Under harsh ambient 
operation conditions (130°F [54.4°C] ambient temperature), it is especially important that the refrigerant discharge pressu
res and 
temperatures remain within safe operating limits. Because of these harsh operating conditions and stringent safety require
ments, the 
number of alternative refrigerants for R-502 have been especially limited in the transport refrigeration industry. 
TEST PROGRAM 
There are many theoretical cycle calculations and computer simulation tests based on equations of state that can be
 used to 
identify the most promising alternatives for different R-502 applications. Also, many laboratory tests have been co
nduct in 
different research facilities located throughout the world to evaluate replacement HFC blends for R-502. However
, neither 
theoretical equations nor generic laboratory tests reflect the actual behavior of the compressor and other refrigerati
on system 
components with HFC blends under various operating conditions. Therefore, to obtain practical data that truly ref
lects an 
actual transport refrigeration application, it was necessary to conduct extensive unit operating tests as well as follow
-up field 
evaluations. Duplicate unit tests were conducted to ensure repeatability and to verify the accuracy and reliability o
f all test 
results. Care has been taken to ensure that the data presented here are fair and comparative to each other. 
Test Facility and Test Procedures 
Test cell and calorimeter requirements were established using test standards recognized world-wide for container, 
trailer 
and truck refrigeration certification, and for bus air conditioning performance verification. The test facility has the
 ability to 
test transport refrigeration units installed on full-sized trucks, trailers, containers and buses as well as units installe
d on the 
front wall of an individual calorimeter test box. A calorimeter box is an insulated chamber where heating, cooling
 and 
humidity control equipment are installed. Heating and cooling control equipment were also installed in the room t
hat 
contained the unit and calorimeter box. Figure 1 shows a typical test cell and calorimeter arrangement. 
Electric resistance air heaters are installed in the calorimeter box to provide heat during cooling tests. Cooling cap
acity 
was determined by adding the total electrical heat input to the heat loss from calorimeter box. Balancing heat load
 input of 
the electric heaters was automatically controlled using an electronically pulsing controller. A central brine chilling
 and liquid 
overfeed system is used absorb heat loads during heating performance tests. Humidity injected in the form of dry s
team was 
available in all test cells to test defrosting performance and add a latent heat load. Steam was introduced into the c
alorimeter 
through a steam humidifier and mixed with the air prior to entering the test unit evaporator. Defrost tests were req
uired 
during low box temperature testing to clear the evaporator coil of frost. 
Refrigeration unit coil temperature measurements were made at several locations using thermocouples soldered direct
ly to the 
outside of the copper tubing and covered with foam insulation. A computer controlled data logger recorded and autom
atically 
calculated an average temperature value. Thermocouple temperature measurement accuracy is ±1.0°F (±0.56°C). All
 
refrigeration system pressures' are measured using pressure transducers connected to static pressure taps located at stra
tegic 
points. Pressure transducers were calibrated to ±.025% of full scale. Figure 2 shows a typical unit refrigeration syste
m. 
All tests were conducted in accordance with ARI Standard 1110-83(92) and applicable ASHRAE staitdards. Base
line 
tests were performed using R-502. R-502 and the synthetic refrigerant oil charge was then removed from the syste
m and an 
alternative refrigerant and POE lubricant was charged into the system. Identical oil charge levels were maintained
 in the 
system during the tests. The alternative HFC blends tested included R-404A, R-407A, R-407B and R-507. Table
 1 shows 
the physical and environmental properties of these HFC blends. 
64 
The only unit power source is the engine which is connected directly to the compressor. The engine drives the compressor 
and the blowers for the evaporator, condenser and radiator coils. Because of this power supply arrangement, the energy 
efficiency of replacement refrigerant blends is based on total unit fuel consumption. 
Table 1- Alternative HFC Blends for R-502 in Long Term and New Equipment Applications 
Refrigerant HFC-32 HFC-125 HFC-143a HFC-134a 
Chemical Average Critical Properties 
Formula CH2F2 CH3CHF2 CH3CF3 CH2FCF2 Blend 
Molecular Molecular Boiling Temp. Pressure Volume ODP HGWP Flam-
Weight 50.02 120 84 102 Weight Point oF OF psia cu. ft/lb mabie 
R-404A 44% 52% 4% 97.60 -51.6 162.7 549.8 0.0329 0 0.94 N 
R-407A 20% 40% 40% 90.11 -49.9 181.2 674.2 0.0320 0 0.45 N 
R-4078 10% 70% 20% 102.90 -53.1 168.8 602.8 0.0302 0 0.70 N 
R-507 50% 50% 98.90 -52.1 159.6 550.2 0.0320 0 0.96 N 
Component Modification for Alternative Refrigerants 
The test unit contained an open type, four cylinder reciprocating compressor that was specially modified for the new HFC 
blends. The author recognizes that the results reported in this evaluation are dependent on compressor modifications for the 
new HFC blends. The compressor was equipped with an oil sight glass in the crankcase so that the oil level in the crankcase 
could be monitoring during the operation to assure that there was proper oil return from the system. The high oil pump 
capacity on the compressor performed adequately with HFC blends and polyol-ester compressor lubricant. 
Compressor modifications included new seals and a new compressor oil filter. Seals with new engineered materials and a 
special external oil filter were required to prevent problems such as leaks, sludge, and metal soap associated with the new 
polyol-ester lubricant required with HFC blends. With the addition of these compressor modifications, HFC blends achieved 
performance reliability comparable to R-502. 
Several modifications were made to the system heat exchangers during the test program. The first design modification re-
circuited the tube flow arrangement on the condenser coil to achieve better condensing of vapor. The second design 
modification re-designed the condenser and evaporator coils using a new inner grove tube with a smaller tube diameter. The 
re-design resulted in a smaller, more compact coil that provided a higher heat transfer rate to lower compressor discharge 
pressures and provided a lower coil resistance for better airflow. The third design modification increased the heat transfer 
surface area to enhance the total heat transfer coefficient for both the condenser and evaporator coils. 
TEST RESULTS 
Figure 3 summarizes the comparison data oftest results of R-404A, R-407 A, R-407B and R-507 over a wide range of box 
temperature conditions. The discharge vapor temperature was measured at the discharge valve of the compressor. Test 
results show that the discharge temperatures of R-404A, R-407B and R~507 were substantially lower than those for R-502. 
R -407 A was the only blend that produced a higher discharge temperature than R-502. Discharge vapor test results show that 
the discharge pressures associated with each HFC blend were found to be higher than for R-502. Also, the "drop-in" cooling 
capacity test results show that the relative cooling capacity for each HFC blend was lower than for R-502. 
Figure 4 summarizes the unit performance results for R -404A. Test results show that the behavior characteristics of R-
404A in the unit were consistent and stable over a broad range of box temperature and ambient conditions. 
Figure 5 summarizes the unit test results of R-404A with modified heat exchangers (coils). Test results show that the 
cooling capacity of R-404A installed in a unit equipped with modified heat exchangers slightly exceeds the cooling capacity 
of the same modified unit charged with R-502. 
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CONCLUSIONS 
These test results suggest that the heat transfer and mass flow arrangement characteristics of the new HFC blends appear 
to be important factors in heat exchanger design. Clearly, modifying the design of the heat exchangers and other components 
can improve the energy efficiency of transport refrigeration systems and enhance the cooling capacity performance. 
Long term endurance testing on refrigeration systems containing component modifications has demonstrated that the use 
of engineered materials has overcome many of the problems created by the high discharge vapor pressure of HFC blends and 
the properties of the new polyol-ester lubricants. 
From the standpoint of unit performance, the laboratory test results and field evaluations of the blends over long periods 
have shown R-404A to be the best alternative refrigerant currently available for use in long term and new transport 
refrigeration applications. Evaluation of extended field trial tests of many units has confirmed this laboratory finding. 
These conclusions, however, are based on the use of HFC blends in units containing a modified compressor. Some tests were 
also conducted in units with a modified compressor and modified heat exchangers. Therefore, the use of HFC blends in 
retrofit applications on existing transport refrigeration systems must still be closely studied to evaluate the impact of higher 
system pressures on individual components as well as the entire system. 
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Figure 1. Typical Test Cell Section 
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Figure 3- Summary of Unit Test For HFC Blends 
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Figure 4 -Summary of Unit Test for HFC Blend R-404A 
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Figure 5- Summary of Unit Test For HFC Blend R-404A 
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